231 words, 250 max) 1 Humans and animals can flexibly switch rules to generate appropriate motor commands; for example, 2 actions can be flexibly produced toward a sensory stimulus (e.g., pro-saccade or pro-reaching) or away 3 from a sensory stimulus (e.g., anti-saccade or anti-reaching). Distinct neural activities are related to pro-4 and anti-movement actions; however, the effects of switching rules on motor learning are unclear. Here, 5 we study the effect of switching rules on motor learning using pro-and anti-arm-reaching movements 6 and a visuomotor rotation task. Although previous results support the perfect availability of learning 7 effects under the same required movements, we show that the learning effects trained in pro-reaching 8 movements are partially rather than perfectly available in anti-reaching movements even under the same 9 required movement direction between those two conditions. The partial transfer is independent of the 10 difference in the visual cue, the cognitive demand, and the actual movement direction between the pro-11 and anti-reaching movements. We further demonstrate that the availability of learning effects trained 12 with pro-reaching movements is partial not only in anti-reaching movements but in reaching movements 13 with other rules and the availability of learning effects trained with anti-reaching movements is also 14 partial in pro-reaching movements. We thus conclude that the switching rule causes the availability of 15 learning effects to be partial rather than perfect even under same planned movements.
INTRODUCTION
While kicking a soccer ball toward a friend, recreational soccer players frequently fail to achieve the 24 planned movement. After the ball deviates from the intended movement direction, the players modify 25 their motor commands when performing their next action. Humans and animals have the ability of 26 motor learning to decrease prediction error between planned and actual movements (Shadmehr & Mussa-27 Ivaldi, 1994; Smith et al., 2006; Takiyama et al., 2015; Takiyama & Sakai, 2016; Hayashi et al., 2016) . The participants were asked to perform 8-cm arm-reaching movements with their right arm while holding 82 the handle of the manipulandum (Geomagic 1.5 HF; Geomagic, Rock Hill, SC, USA). The position of the 83 handle was displayed as a white cursor (6-mm circle) against a black background on a horizontal screen 84 located above their hand. When the visuomotor rotation was introduced, the cursor position deviated 85 from the handle position by multiplying a rotation matrix. 86 The movement of the handle was constrained to a virtual horizontal plane (10 cm below the screen) 87 that was implemented by a simulated spring (1.0 kN m −1 ) and dumper (0.1 N per (m s −1 )). A brace was 88 used to reduce unwanted wrist movements. Before each trial, the participants were required to hold the 89 cursor at its center circle (a 10-mm circle). The position and velocity data of the handle were recorded 90 at 500 Hz. 91 Experiment 1.
After a 2-s holding time at the center circle (10-mm circle), the color of the 92 center circle changed according to the experimental conditions. Green and red colors indicated pro-and 93 anti-reaching trials, respectively. In the pro-reaching trials, the participants were required to perform 94 arm-reaching movements to move the white cursor toward the visual cue (a 10-mm circle), the color of 95 which was yellow (Figs. 1A, 2A, 4A) . In the trials with the anti-reaching movements, the participants 96 were required to perform arm-reaching movements to move the white cursor toward a position opposite 97 to the visual cue ( Fig. 1B, 2B, 4B ). After an additional 1-s holding time, a yellow visual cue appeared at 98 either the 180 • or 0 • locations (180 • and 0 • locations indicated the 9 o clock and 3 o clock directions, 99 respectively), and a beep sounded to signal the participant to initiate an arm-reaching movement. The 100 participants were required to move the handle at a peak velocity of 470±45 mm s −1 (the target velocity 101 was calculated using the minimum-jerk theory with a movement amplitude of 8 cm and a duration of 0.4 102 s). A warning message appeared on the screen if the movement velocity of the handle rose above ("fast") 103 or fell below ("slow") this threshold value. No online correction was allowed. At the end of each trial, the 104 handle was automatically moved back to the starting position by the manipulandum. The participants 105 practiced using the manipulandum and became accustomed to the experimental settings during 98 trials 106 (70 trials for pro-reaching movements and 28 trials for anti-reaching movements).
107
To eliminate the effect of online correction, the current study probed the learning effects by hiding 108 the white cursor. The baseline movement directions were also calculated by hiding the white cursor 109 before introducing the visuomotor rotation. The learning effect was calculated asθ probe −θ baseline , 110 whereθ probe andθ baseline indicated the movement direction after and before adapting to the visuomotor 111 rotation, respectively.θ probe andθ baseline were calculated asθ probe = 1 Tp ∑ Tp i=1 θ probe,i andθ baseline = a visuomotor rotation that increased by 0.5 degrees in each trial, gradually increasing to a maximal value 139 of 15. The order of the two types of visuomotor rotations (abruptly applied or gradually increasing), 140 the direction of the visuomotor rotation (clockwise or counter-clockwise), and the target direction in the 141 learning and relearning trials were counterbalanced across all sets. invisible and to-be-memorized targets).
156
During the baseline, learning, relearning, and probe trials, the target location and whether the target 157 was to be visible or to-be-memorized were determined following a process similar to that performed in 158 experiment 1, except for that the anti-reaching movements in experiment 1 were substituted for reaching 159 movement toward invisible and to-be-memorized targets in experiment 2.
160
Experiment 3. We conducted experiment 3 to investigate the transfer of the learning effects from 161 anti-to pro-reaching movements. In experiment 3, a visuomotor rotation was applied to the anti-reaching 162 movements, and the transfer of the learning effects from the anti-to the pro-reaching movements was 163 investigated. The experimental settings and protocols were similar to those in experiment 1; however, 164 4 the learning and relearning trials were performed using anti-reaching movements. One second after 165 a beep sounded, a gray circle appeared at the location where the participants were required to aim 166 (e.g., a gray circle appeared at the leftward location when the visual cue was rightward in the anti-167 reaching movements). The participants practiced using the manipulandum and became accustomed to 168 the experimental settings over 98 trials (70 trials for the pro-reaching movements and 28 trials for the 169 anti-reaching movements).
170
During the baseline, learning, relearning, and probe trials, the target location and the pro-or anti-171 reaching movements were determined using a similar process to that used in experiment 1, except for 172 that the pro-reaching movements in the learning and relearning trials in experiment 1 were substituted 173 for anti-reaching movements in experiment 4.
174
Experiment 4. We conducted experiment 4 to investigate the transfer of the learning effects from 175 pro-to not only anti-reaching movements but also reaching movements with other rules. In experiment 176 4, a visuomotor rotation was applied to pro-reaching movements, and the transfer of the learning effects 177 from the pro-reaching movements to other reaching movements using the switched rule was investigated.
178
After a 2-second holding time at the center circle (a 10-mm circle), a green or red visual cue appeared 179 at either the 0 • , 90 • , 180 • , or 270 • location, and a beep sounded, signaling the participants to initiate 180 the arm-reaching movement (in total, there were eight types of targets). The participants were required 181 to perform 8-cm arm-reaching movements to move the white cursor toward the 180 • location when the 182 target color was green ( Fig. 5A ) and toward the 0 • location when the color was red independently of 183 the cue location ( Fig. 5B ). One second after the beep sound, a gray circle appeared at the location 184 where the participants were required to aim (i.e., a gray circle appeared in the leftward location when the 185 target color was green). The participants practiced using the manipulandum and became accustomed to fixed and were the same as those in the learning trials), and 96 probe trials (target color and location 195 were pseudorandomly determined). In 40 of the 80 baseline trials, a white cursor was hidden to calculate 196 the baseline movement direction θ baseline,i (i.e., 5 baseline trials for each type of trial). In the following 44 197 learning trials, a visuomotor rotation was imposed, increasing by 0.5 degrees in each trial to a maximal 198 value of 15 degrees. In the remaining trials, a block of two relearning trials with the white cursor displayed 199 and one probe trial to calculate θ probe,i with the white cursor hidden were repeated 96 times.
200
Two short breaks were provided after 32 blocks. Because the short break caused the participants to 201 forget the learning effects, ten learning trials with a 15-degree visuomotor rotation were added after the 202 short break. In the learning trials, the visuomotor rotation was increased by 0.5 degrees in each trial and 203 reached a maximal value of 15 degrees. The direction of the visuomotor rotation, the target color and 204 the location in the learning and relearning trials were counterbalanced across all participants.
205
Statistical Analysis. We performed paired t-tests. 3.1 Transfer of learning effects from pro-to anti-reaching movements is par-208 tial rather than perfect 209 We evaluated the transfer of the learning effects from the pro-to anti-reaching movements in the same 210 required planned movement direction using a visuomotor rotation of up to 15 degrees. Figure 2C shows the anti-reaching movements were 9.3±0.4 degrees (mean±s.e.m.). The learning effects trained with the pro-234 reaching movements were thus partially transferred to the anti-reaching movements in the same required 235 planned-movement direction. The movement trajectories also supported this partial transfer. This result 236 indicated that rule switching might affect motor learning.
237
In addition to rule switching, several factors could explain the partial transfer as follows: 1) the 238 difference in the visual cues between the pro-and anti-reaching tasks affected motor learning; 2) the 239 cognitive demand affected motor learning, 3) the fluctuation of the planned movement direction in the 240 anti-reaching movements affected motor learning, and 4) the reaching movements toward the location 241 without any visual cue (i.e., invisible target) in the anti-reaching tasks affected motor learning. We 242 discuss these possibilities below.
243
To discuss how the difference in the visual cues affects motor learning (e.g., position of the visual 244 cue), we investigated the transfer of the learning effects from the pro-reaching movements toward a 245 trained movement direction to anti-reaching movements toward an untrained movement direction and 246 the transfer from the pro-reaching movements toward a trained movement direction to the pro-reaching 247 movements toward an untrained movement direction. If the visual cue affected motor learning, the former 248 could be expected to be larger than the latter because the visual cue was congruent in the pro-reaching 249 movements toward the trained direction and anti-reaching movements toward the opposite direction. Our 250 results did not support this hypothesis as follows: there was no significant difference between the two 251 types of transfers (paired t-test, N=10, p=0.653, Fig. 2E center right and right panels).
252
To investigate the difference in the cognitive demand between the pro-and anti-reaching movements, 253 we calculated the reaction time and the number of incorrect trials. The reaction time in the anti-reaching 254 6 movements was significantly slower than that in the pro-reaching movements during the probe trials (two-255 sample t-test, N=240 for pro-and N=234 for anti-reaching movements, p=1.1424×10 −7 , means for pro-256 and anti-reaching movements were 190.0 and 206.0 ms, respectively), which is consistent with previous 257 studies (Everling & Munoz, 2000; Munoz & Everling, 2004) . Because there might be a relation between 258 the learning effects and the reaction time, we calculated the learning effects during the fast and slow 259 reaction time trials in the pro-and anti-reaching movements. There was no significant difference in the 260 averaged learning effects across the probe trials with the faster and slower reaction times (paired t-test, 261 N=10, p=0.795 for pro-and p=0.977 for anti-reaching movements). Figure 2F shows the relation between 262 the learning effects and the normalized reaction times whose mean was zero, and standard deviation was anti-than that in the pro-reaching movements, these results indicated that the cognitive demand might 277 not be significantly relevant to the learning effects in our experimental setting.
278 Figure 2H demonstrates the difference between the target location and the averaged movement di-279 rection of each participant across the baseline trials between the pro-and anti-reaching movements.
280
These values indicate the difference between the actual and required movement directions. There was no 281 significant difference in the movement directions between the pro-and anti-reaching movements during 282 the baseline trials (N=80, p=0.967, paired t-test), which indicated that the fluctuation in the planned 283 movement direction in the anti-reaching movements was not significantly different from that in the pro-284 reaching movements. Because there was no significant difference in the average movement direction 285 between experiments 1 (N=40, p=0.181, paired t-test, pro-or anti-reaching movements towards 0 or 180 286 degrees in the first or second block for each participant; in total, four types of reaching movements for 287 each participant) and 3 (N=40, p=0.168, paired t-test), the data from those experiments were combined 288 and are shown in Fig. 2H . Figure 2I demonstrates the standard deviation of the movement angle in the 289 pro-and anti-reaching movements. There was no significant difference in the standard deviations (N=80, 290 p=0.850, paired t-test). Because there was no significant difference in the standard deviation between 291 experiments 1 (N=40, p=0.899, paired t-test) and 3 (N=40, p=0.890, paired t-test), the data from those 292 experiments were combined and are shown in Fig. 2I . These results indicated that the fluctuation of 293 planned movement direction was not highly relevant to the partial transfer in the current experiment.
294
We conducted experiment 2 to investigate how reaching movements toward an invisible target affected 295 the learning effects. In the pro-reaching movements, the participants were required to reach for visible 296 targets. In contrast, in the anti-reaching movements, the participants were required to reach for invisible 297 targets in the current experimental setting. In addition to the switching rule, the differences between the 298 reaching movements toward visible and invisible targets could affect the transfer of the learning effects.
299
In experiment 2, the participants reached toward either a visible target or invisible and to-be-memorized 300 targets ( Figs. 3A and 3B ). The participants adapted to a visuomotor rotation in the reaching movements 301 toward a visible target, and the transfer of the learning effects from the reaching movement towards the 302 visible target to those toward the invisible and to-be-memorized targets was investigated. In contrast to 303 7 the results of experiment 1, the transfer was perfect rather than partial (Fig. 3C, paired and averaged). We thus concluded that the reaching movements toward an invisible target were not a 307 significant factor in the partial transfer from the pro-to anti-reaching movements. 308 3.2 Transfer of learning effects from anti-to pro-reaching movements is par-309 tial rather than perfect 310 We further considered the effect of the cognitive demand in the experiment 3, which investigated the 311 transfer of learning effects from anti-to pro-reaching movements. In experiment 3, the participants 312 adapted to the visuomotor rotation in anti-reaching movements. We then investigated the transfer from 313 anti-to pro-reaching movements. Our results indicated that the transfer from anti-to pro-reaching 314 movements was partial rather than perfect (Fig. 4, paired 
321
In experiment 3, the participants experienced more anti-reaching movement trials than pro-reaching 322 movement trials. The reaction time could be expected to be the same or faster in the anti-reaching 323 movements than that in the pro-reaching movements; however, the reaction time was still slower in the 324 anti-reaching movements than that in the pro-reaching movements during the probe trials (two-sample 325 t-test, N=232 and N=238 for pro-and anti-reaching, respectively, p=4.1685×10 −4 , means for pro-and 326 anti-reaching movements were 193.6 ms and 206.8 ms, respectively), indicating that the cognitive demand 327 might be larger in the anti-reaching movements. If cognitive demand affected motor learning, the transfer 328 from anti-to pro-reaching movements should be larger than 100% or close to 100%. Because we could 329 not find this tendency, cognitive demand was not considered a significant factor affecting motor learning 330 in switching rules in the current experimental setting.
331

Switching rules caused partial availability of motor learning 332
To investigate whether switching rules affects motor learning further and whether anti-reaching is a 333 specific factor that affects motor learning, we conducted experiment 4 ( Fig. 5 ). In this experiment, the 334 participants were required to reach for the 0 • location when the target color was green independently 335 of the location of the visual cue. When the color was red, the participants were required to reach for pro-reaching movements. We then investigated the transfer of the learning effects from the pro-reaching 340 to other types of reaching movements. The learning effects obtained with the pro-reaching movements 341 transferred to other types of reaching movements involving switching rules partially rather than perfectly 342 ( Fig. 5C , paired t-test, N=10, p=0.0029 for reaching movements with a 90 degree rotation, N=10, 343 p=0.0016 for reaching movements with a -90 degree rotation, and N=10, p=0.0047 for anti-reaching 344 movements). There was a significant difference between the learning effects in the reaching movements 345 with a 90 degree rotation and those in the anti-reaching movements (paired t-test, N=10, p=0.0278), 346 although there was no significant difference in the learning effects between the reaching movements with a 347 -90 degree rotation and those in the anti-reaching movements (paired t-test, N=10, p=0.0658) and those 348 with a 90 degree rotation and -90 degree rotation (paired t-test, N=10, p=0.8873). The partial transfer 349 8 from the pro-reaching to other types of reaching indicated that anti-reaching was not a specific factor 350 that induces a partial transfer; therefore, the switching rules affected motor learning and caused partial 351 availability of learning effects.
352
DISCUSSION
353
The current study investigated the influence of switching rules on motor learning in the same required 354 planned movement, and we observed that switching rules decreased the learning effects. A decrease in 355 learning effects was observed when the transfer of learning effects from pro-to anti-reaching movements 356 (Fig. 2) , from anti-to pro-reaching movements (Fig. 4) , and from pro-reaching to reaching movements 357 under several types of rules was investigated (Fig. 5 ). The decrease in learning effects might not be 358 attributed to the reaching movements toward the location without any visual cue (Fig. 3 (Hirashima & Nozaki, 2012; Sheahan et al., 2016) . Based on these results, we 371 expected the same amount of motor learning effects in the pro-and anti-reaching movements when the 372 same movement directions were required; however, the current study revealed that the availability of 373 motor learning effects was partial rather than perfect when the same planned movement directions were 374 needed, but the rule was switched (Figs. 2, 4 , and 5). Our results indicate that the partial availability 375 originated from the modulation of neural activities when the same planned movement directions were 376 required, but the rule was switched. The modulation was observed in the pro-and anti-saccade, pro-377 and anti-reaching, and several brain regions related to saccade or arm-reaching movements (Riehle et al., 378 1994; Klaes et al., 2011 , Munoz & Everling, 2004 , Everling & Munoz, 2000 , Schlag-Rey et al., 1997 . times, the transfer from the anti-to the pro-reaching movements would be an over-generalization (transfer 386 rate larger than one), or the number of incorrect trials would be larger in the anti-reaching movements 387 than that in the pro-reaching movements. Although there may be a difference in the attention requirement 388 between the pro-and anti-reaching movements, we could not find a significant effect of the difference in 389 the current study (Fig. 2) . These results indicate that the influence of the modulation of neural activities 390 on motor learning overrides that of divided attention. 
Influence of explicit and implicit learning 392
Learning effects consist of (at least) two factors; explicit (cognitive) and implicit learning effects (Taylor   393   et al., 2014; Morehead et al., 2015; Butcher et al., 2017) . In a visuomotor rotation, participants can 394 compensate for task error between the target position and actual movement by aiming at a different 395 location from the target position. This cognitive factor to change aiming direction is referred to as explicit 396 learning, which is distinct from implicit learning in which movement is changed to minimize prediction 397 error without awareness. In our experiments, there was a possibility that subjects relied on explicit 398 learning in the trained condition while these explicit learning effects were unavailable in the probe trials, 399 which would imply that the availability of learning effects in probe trials was partial rather than perfect. 
Relation between arm-reaching movement and saccade 413
A previous study investigated the transfer of learning effects from pro-to anti-saccade using saccadic 414 gain adaptation (Collins et al., 2008; Cotti et al., 2009) . The difference between saccadic gain in pre-415 learning and that in post-learning was the same as that between pro-and anti-saccade, which suggested 416 the perfect transfer from pro-to anti-saccade. Although this result may be inconsistent with the current 417 results, several factors could potentially explain this difference. First, the difference in the effector for 418 the required movements may be an explanatory factor; the previous study relied on saccade, and the 419 current study relied on arm-reaching movements. Because certain brain regions have different activities 420 for saccade and arm-reaching movements (Snyder vet al., 2000; Cui et al., 2007) , the difference in the 421 effector can affect the transfer of the learning effects. Furthermore, the difference in the adaptation task 422 may be an explanatory factor. The previous study relied on gain adaptation or an adaptation of the 423 movement distance. In contrast, the current study focused on adaptation to the visuomotor rotation in both the effector and adaptation task could contribute to the difference between the results of the 431 previous study (Collins et al., 2008; Cotti et al., 2009 ) and the current results. figure) , the participants were 503 required to perform anti-reaching movements to move the white cursor toward the opposite location of 504 the yellow visual cue (dark gray circle in figure) . C, Experimental protocol for experiments 1, 2, and Figure 3 . Transfer of learning effects from the reaching movements toward the visible target to those 554 toward the invisible and to-be-memorized targets in experiment 2. A, When the color of the center circle 555 was green (light gray in figure) , the participants were required to perform arm-reaching movements to 556 move the white cursor toward the yellow visual cue (dark gray in figure) . B, When the color of the 557 center circle was red (black in figure) , the yellow visual cue (dark gray in figure) was visible for 400 558 ms and subsequently disappeared. The participants were required to memorize the location of the cue 559 and perform arm-reaching movements to move the white cursor toward the memorized cue location after to other types of reaching movements involving switching rules partially rather than perfectly (paired 582 t-test, N=10, p=0.0029 for reaching movements with a 90 degree rotation, N=10, p=0.0016 for reaching 583 movements with a -90 degree rotation, and N=10, p=0.0047 for anti-reaching movements) in trained 584 movement directions. In untrained directions, there was no significant difference between learning effects 585 in pro-reaching movements and reaching movements with a 90 degree rotation (paired t-test, N=10, 586 p=0.6142), reaching movements with a -90 degree rotation (paired t-test, N=10, p=0.5718), and anti- 
